Molecular organization in biological systems comprises elaborately programmed processes involving metastable complex formation of biomolecules. This is exemplified by the formation of the proteasome, which is one of the largest and most complicated biological supramolecular complexes. This biomolecular machinery comprises approximately 70 subunits, including structurally homologous, but functionally distinct, ones, thereby exerting versatile proteolytic functions. In eukaryotes, proteasome formation is non-autonomous and is assisted by assembly chaperones, which transiently associate with assembly intermediates, operating as molecular matchmakers and checkpoints for the correct assembly of proteasome subunits. Accumulated data also suggest that eukaryotic proteasome formation involves scrap-and-build mechanisms. However, unlike the eukaryotic proteasome subunits, the archaeal subunits show little structural divergence and spontaneously assemble into functional machinery. Nevertheless, the archaeal genomes encode homologs of eukaryotic proteasome assembly chaperones. Recent structural and functional studies of these proteins have advanced our understanding of the evolution of molecular mechanisms involved in proteasome biogenesis. This knowledge, in turn, provides a guiding principle in designing molecular machineries using protein engineering approaches and de novo synthesis of artificial molecular systems.
Introduction
Living systems are characterized as dynamic processes of assembly and disassembly of a variety of biomolecules, interacting with varying external environments. The omicsbased approaches developed in recent decades have provided comprehensive information regarding biomolecules as dynamic building blocks in living organisms. Furthermore, by the technical advancement of structural biology and computational techniques, 3D protein structure data have rapidly accumulated (135,359 entries; November 21, 2017, https:// www.rcsb.org). In particular, recently advanced cryoelectron microscopy (EM) techniques have markedly accelerated atomic visualization of biomolecular machineries (Cheng 2015; Vinothkumar 2015) . Given these developments, elucidating the mechanisms underlying the organization of biomolecular systems has become one of the most important areas of research in biomolecular science.
Molecular organization in biological systems comprises elaborately programmed steps involving the organization of metastable complexes, as exemplified by the formations of viruses, phages (Arisaka et al. 2016; Schur et al. 2016) , and ribosomes (Peña et al. 2017; Shajani et al. 2011) . The formation of biomolecular machineries involves transiently generated complexes mediated by weak interactions. In this article, we will focus on the proteasome, one of the largest and most complicated biological supramolecular complexes, and outline our current understanding of the mechanisms involved in its formation, particularly from a structural point of view, while providing comparative views on eukaryotic and archaeal proteasome systems.
Proteasome structure and function
The proteasome is a major proteolytic machine for the selective degradation of unnecessary proteins in cells. In eukaryotes, the proteasome comprises approximately 70 subunits (Budenholzer et al. 2017 ; Collins and Goldberg 2017; Finley et al. 2016; Kish-Trier and Hill 2013; Tanaka 2009 ). The proteolytic active sites are sequestered within a cavity of a cylindrical chamber called the 20S core particle (CP). The 20S CP is composed of four, stacked αββα rings, each of which is composed of seven different subunits, α1-7 or β1-7 (Fig. 1) (Löwe et al. 1995; Unno et al. 2002) . At the center of each α ring is a gating pore that leads to the sequestered active sites formed by the β1, β2, and β5 subunits (Heinemeyer et al. 1997 ). This gate can be opened by protein complexes, collectively referred to as the proteasome activator. In the eukaryotic 26S proteasome, the gate key is regulated by the 19S regulatory particle (RP), which is composed of at least 19 subunits and is divided into two subcomplexes, base and lid (Fig. 1) . While the lid (Rpn3, Rpn5-9, Rpn11, Rpn12, and Rpn15) removes the ubiquitin chain from the substrates in cooperation with the ubiquitin receptors, Rpn10 and Rpn13, the base activates 20S CP and acts as AAA+ ATPase for unfolding and loading the substrates into the catalytic chamber (Budenholzer et al. 2017; Collins and Goldberg 2017; Finley et al. 2016; Kish-Trier and Hill 2013; Tanaka 2009 ). Recently, a series of cryo-EM structures of the 26S proteasome has been reported, enabling its visualization at the atomic level, thereby giving insights into its working mechanisms [see the reviews by Budenholzer et al. (2017) and Finley et al. (2016) for details]. The base subcomplex is composed of six different, but homologous, ATPase subunits (Rpt1-Rpt6) and three additional non-ATPase subunits (Rpn1, Rpn2, and Rpn13). Among these Rpt subunits, Rpt2, Rpt3, and Rpt5 harbor proteasome-activating motifs and are key for opening the 20S CP gates (Gillette et al. 2008; Smith et al. 2007 ). Thus, the 26S proteasome contains a heterohexameric Rpt ring and heteroheptameric α and β rings, each of which is composed of structurally homologous, but functionally distinct, subunits, together with thirteen Rpn subunits, creating a versatile protein degradation machine.
Eukaryotic proteasome assembly
To accomplish the aforementioned sophisticated biomolecular functions, the correct assembly of a panel of subunits with a Fig. 1 Structures of the protein degradation machine, 26S proteasome, and the catalytic 20S core particle (CP). a Overall structure of the eukaryotic 26S proteasome (PDB code: 4CR2), including the α and β rings of 20S CP (green and cyan, respectively) and 19S regulatory particles (RPs), which are constituted by the lid (Rpn3, Rpn5-9, Rpn11, Rpn12, and Rpn15, gray) and the base comprising the AAA+ ATPase (Rpt1-Rpt6, brown), the ubiquitin receptors (Rpn10 and Rpn13, orange), and the non-ATPase Rpn subunits (Rpn1 and Rpn2, yellow). b Overall structure of the eukaryotic 20S CP (PDB code: 4R3O), with the α and β rings (green and cyan, respectively). c Close-up view of the 20S CP gating pore. The electron microscopy (EM) structures in the absence and presence of the proteasome activator are shown on the left and right (EMD codes: 1740 and 1733), respectively precise spatial arrangement is essential. Notably, assembly of the eukaryotic 26S proteasome does not occur spontaneously; rather, it requires assistance from several proteins, called proteasome assembly chaperones (Budenholzer et al. 2017; KishTrier and Hill 2013; Murata et al. 2009 ). Five dedicated assembly chaperones, Pba1-Pba4 and Ump1 in yeast (orthologous to the human PAC1-PAC4 and POMP, respectively), have been identified to be responsible for the efficient and precise construction of the 20S CP complex (Hirano et al. 2005 (Hirano et al. , 2006 Kock et al. 2015; Kusmierczyk et al. 2008; Le Tallec et al. 2007; Wani et al. 2015; Yashiroda et al. 2008) . Formation of 19S RP is assisted by at least four specific assembly chaperones: Nas2 (p27), Nas6 (gankyrin), Rpn14 (PAAF1), and Hsm3 (S5b) (Funakoshi et al. 2009; Kaneko et al. 2009; Le Tallec et al. 2009; Roelofs et al. 2009; Saeki et al. 2009; Tomko et al. 2010) . Extensive structural studies, including ours, have helped elucidate the 3D structure of the CP-and RP-assembly chaperones (Barrault et al. 2012; Ehlinger et al. 2013; Kim et al. 2010; Kock et al. 2015; Kurimoto et al. 2017; Nakamura et al. 2007; Satoh et al. 2014; Stadtmueller et al. 2012; Takagi et al. 2012; Yashiroda et al. 2008) . Among these proteasome assembly chaperones, the structure of Ump1 is uniquely characterized by its intrinsically disordered nature (Sá-Moura et al. 2013; Uekusa et al. 2014) .
The accumulated structural information, along with biochemical data, has provided mechanistic insights into the functions of the proteasome assembly chaperones. For instance, our structural and biochemical data demonstrated that the yeast Pba3/Pba4 heterodimeric chaperone acts as a molecular matchmaker during α-ring formation (Takagi et al. 2014; Yashiroda et al. 2008 ). This heterodimeric complex interacts primarily with the proteasome α5 subunit and also with the neighboring α4 subunits, thereby reinforcing α4-α5 interactions (Fig. 2) . In yeast, knock-out of this matchmaking chaperone complex results in the accumulation of non-productive complexes lacking the α4, β1, β5, β6, and β7 subunits and aggregates of α4 subunits. Because of steric hindrance, interaction of Pba3/Pba4 with the α ring competes with recruitment of the β4 subunit onto the same interaction surface of this ring, suggesting that the chaperone complex is released from the protease assembly intermediates during β-ring formation after the completion of the α ring . Our recent crystallographic data of human PAC4, an ortholog of yeast Pba4, suggest that this matchmaking function is evolutionally conserved across eukaryotes, despite their low sequence similarity (Kurimoto et al. 2017) . Like Pba3/Pba4, Pba1 also forms a heterodimer with Pba2 (Kock et al. 2015; Stadtmueller et al. 2012) and preferentially binds to α-ring intermediates, rather than the mature form of 20S CP, through its C-terminal proteasome-binding motifs, thus functioning as a molecular matchmaker in α-ring formation (Wani et al. 2015) . In contrast to Pba3/Pba4, the Pba1/Pba2 heterodimer binds to the apical surface of the α ring, and not the β-subunit interface, causing potential steric hindrance for the proteasome activators, including 19S RP (Kock et al. 2015; Stadtmueller et al. 2012) . It has been shown that Fig. 2 The 20S CP assembly mechanism mediated by the assembly chaperone complex Pba3/Pba4. a Crystal structure of the Pba3/Pba4/α5 ternary complex (PDB code: 2Z5C). b Docking model of the α ring (PDB code: 1RYP) complexed with the Pba3/Pba4 heterodimer. Pba3 (orange) and Pba4 (red) are indicated as ribbon models, whereas the α subunits are shown as surface models highlighting α4 (blue) and α5 (green). c The Pba3/Pba4 heterodimer operates as a molecular matchmaker during α-ring formation through the association of multiple α subunits (α4 and α5) Hsm3 also exerts a similar matchmaker function during base formation (Barrault et al. 2012; Takagi et al. 2012 ). Transient association is also observed between 20S CP assembly intermediates and assembly chaperone Ump1 (Kock et al. 2015) , which is responsible for β-ring formation and considered the first substrate of the proteasome in its biogenesis .
The elaborate mechanisms of proteasome assembly chaperones are also exemplified by Nas2, which operates as a checkpoint in the 19S base formation (Fig. 3) . Nas2 is composed of an N-terminal helical domain and a C-terminal PDZ domain connected via a flexible linker. Our crystallographic and NMR spectroscopic data demonstrated that Nas2 binds bivalently to the Rpt5 subunit; the N-terminal domain of Nas2 masks the flanking Rpt1-binding interface of Rpt5, whereas the C-terminal domain caps its C-terminal proteasome-activating motif. These data suggest that Nas2 blocks proteasome activation during the base formation and is released from Rpt5 upon completion of Rpt-ring formation, thereby enabling its fully prepared docking onto 20S CP. Thus, assembly chaperones intervene in proteasome formation by forming transient complexes with assembly intermediates, which eventually dissociate once proteasome formation is complete.
Unique self-assembling properties of eukaryotic proteasome subunits Experiments using negative-stain EM and small-angle neutron scattering (SANS) have shown that Trypanosoma brucei α5 and human proteasome α7 subunits have unique properties of self-assembling into four and two stacked heptameric rings, respectively (Gerards et al. 1997; Sugiyama et al. 2009 Sugiyama et al. , 2011 Yao et al. 1999 ). Our recent X-ray crystallographic data revealed that the α7 subunits make a double-ring tetradecameric structure in which the single-ring architecture of α7 is similar to those of the archaeal homoheptameric and eukaryotic heteroheptameric α rings (Fig. 4) (Ishii et al. 2015) . Intriguingly, deuteration-assisted SANS experiments revealed that only two of the 14 subunits were exchangeable in each α7 homotetradecamer, suggesting an asymmetric nature of the α7 tetradecamer (Sugiyama et al. 2011) . However, Fig. 3 Nas2-regulated 19S RP assembly. a Crystal structure of the Nas2/Rpt5 binary complex (PDB code: 3WHL). b Docking model of the Rpt ring (PDB code: 4B4T) complexed with Nas2. Nas2 (red) is indicated as a ribbon model, whereas the Rpt subunits are shown as surface models; Rpt1 (gray), Rpt2 (green), Rpt3 (pink), Rpt4 (slate), Rpt5 (brown), and Rpt6 (yellow). c Nas2-mediated checkpoint in Rpt-ring formation prior to its docking onto the proteolytic 20S CP such an asymmetric structure could not be found in the crystal structure, probably due to limited resolution (3.75 Å) and/or crystal packing. Therefore, the unique subunit-exchange mechanism of the α7 homotetradecamer remains to be clarified. Interestingly, our analytical ultracentrifugation and mass spectrometric analyses under nondenaturing conditions demonstrated that the α7 doublering structure is disassembled upon the addition of the α6 subunit, giving rise to a 1:7 heterooctameric α6-α7 complex (Ishii et al. 2015) . Furthermore, recently emerged high-speed atomic microscopy data demonstrated a twostep process for the disassembly mechanism, whereby the α6 initially cracks at the interface between the stacked two α7 single rings and the subsequent interaction of α6 onto the central pore of the α7 single ring prevents its reassociation into the double ring . Although the significance of these non-native assembly states of the proteasome subunits remains undefined, their existence and unique behaviors suggest that scrap-andbuild processes are involved in proteasome formation.
Archaeal proteasome assembly
Unlike eukaryotic proteasomes, archaeal proteasomes are structurally simple because the 20S CP typically comprises only a single form of each α and β subunit (Löwe et al. 1995) . These subunits spontaneously assemble into four homoheptameric rings without help from the proteasome assembly chaperones (Sprangers and Kay 2007) . Intriguingly, bioinformatics analysis showed that archaeal genomes encode homologs of eukaryotic proteasome assembly chaperones, PAC1 and PAC2 (termed PbaA and PbaB, respectively) (Kusmierczyk et al. 2011) . Like their eukaryotic counterparts, the archaeal proteins harbor C-terminal proteasome-binding motifs (Gillette et al. 2008; Smith et al. 2007) . It is enigmatic how the archaeal proteins contribute to proteasome assembly, which can proceed in an autonomous manner. Our biochemical and structural studies have revealed that the archaeon Pyrococcus furiosus PbaB forms a homotetramer (Fig. 5) and preferentially binds to the mature 20S CP, rather than its assembly intermediate, through the proteasome-binding a Ribbon models of the single and double α7 rings derived from the crystal structure of the α7 tetradecamer (PDB code: 5DSV), as shown in the upper and lower panels, respectively, related by a 90°rotation around a horizontal axis. b The α subunits are colored as follows: α1 (orange), α2 (red), α3 (cyan), α4 (blue), α5 (forest green), α6 (magenta), and α7 (green). The β subunits are colored in gray motif, thus functioning as an ATP-independent proteasome activator (Kumoi et al. 2013) . Furthermore, the PbaB homotetramer is capable of interacting with unstructured proteins through its tentacle-like C-terminal segments (Kumoi et al. 2013; Sugiyama et al. 2014) , thereby suppressing their aggregation. This implies that the PbaB homotetramer can simultaneously bind to the 20S proteasome and its substrate via dual interactions mediated by the C-terminal segments. In contrast, the biological function of PbaA remains largely unknown; it forms a homopentamer ( Fig. 5) (Sikdar et al. 2014) and does not interact with the proteasome, despite the presence of its C-terminal proteasome-binding motif, which is potentially capable of activating the 20S CP (Kumoi et al. 2013; Yagi-Utsumi et al. 2017) . During evolution, eukaryotes became able to form precisely arranged hetero-oligomeric proteasomes with nonredundantly functioning catalytic sites from divergent proteasomal subunits, by acquiring a series of assembly chaperones. Further structural and functional studies of the archaeal homologs of proteasome assembly chaperones will provide deeper insights into the evolution of molecular mechanisms involved in proteasome biogenesis.
Summary and perspectives
Proteasome assembly is characterized as a dynamic process, assisted by transient associations of assembly chaperones functioning as molecular matchmakers and checkpoints, and involving scrap-and-build mechanisms. Such sophisticated mechanisms could be realized based on exquisite energy balances in protein-protein interactions, in marked contrast to artificial supramolecular assemblies with highly symmetric, stable structures. Understanding the programmed pathway of proteasome assembly that has evolved divergent functions will offer a guiding principle not only in the design of molecular machineries using protein-engineering approaches, but also in the de novo creation of artificial molecular systems. 
